Introduction
Endoplasmic reticulum (ER) stresses, such as accumulation of misfolded proteins, calcium depletion and glycosylation block [1] , trigger the unfolded protein response (UPR) through multiple signaling pathways [1, 2] . UPR includes the upregulation of a family of chaperones called glucose-regulated proteins (GRPs). Among them, glucose-regulated protein 78 (GRP78), which resides in the ER, is a 78 kDa protein that aids protein folding in the ER [2] . Under normal condition, GRP78 binds to three UPR sensors, ER to nucleus signaling 1 (IRE1) [3] , activating transcription factor 6 (ATF6) [4] and PKR-like ER kinase (PERK) [3] , and prevents their activation and transmission of UPR signaling into the nucleus. Upon UPR, GRP78 changes its binding preference toward unfolded proteins, releasing the three sensors to initiate the UPR signaling. IRE1 and ATF6 [4, 5] have been demonstrated to induce most sets of genes in the UPR, whereas PERK phosphorylates the eukaryotic translation initiation factor 2 α subunit (eIF2α), resulting in a translational block [6] . The activated IRE1 undergoes dimerization, and processes the mRNA of the X-box-binding protein 1 (XBP-1) to a mature form that encodes a functional transcription factor to induce the expression of proteins involved in ER-associated degradation proteins [3, 7] . After being released from GRP78, ATF6, an ER transmembrane protein, is transported to the Golgi and proteolytically cleaved. The cleavage releases the cytosolic N-terminus of ATF6 (N-ATF6), which then is transported into the nucleus, and serves as a transcriptional factor to induce chaperone genes including GRP78 [8] . N-ATF6 binds to the ER stress response elements (ERSEs) of the grp78 promoter [9, 10] ; ERSE is a tripartite structure with nine GC-rich nucleotides flanked by two CCAAT boxes [10] . N-ATF6 binds to one CCAAT box, and YY1 binds to the other [9] . Many other factors bind to ERSEs as well. For example, nuclear transcription factor Y prefers the CCAAT box of ERSE [11] . In contrast, SP1 and general transcription factor II-I (TF II-I ) recognize the middle region of the ERSE [12, 13] .
Viral infection has been shown to elicit the UPR as well [14, 15] , and many viruses modulate the UPR signaling pathways to facilitate their growth [14] . Buchkovich et al [16] showed that depletion of GRP78 impairs the assembly of human cytomegalovirus (HCMV). The same laboratory previously demonstrated that HCMV infection blocks ATF6 cleavage and eIF2 phosphorylation [17] . Although the mature form of xbp-1 is observed in HCMV-infected cells, its downstream genes, such as the ER degradation-enhancing α-mannosidase-like protein, can not be activated [17] . Interestingly, in the absence of the active form of ATF6, HCMV infection still induces GRP78 synthesis [17] . How HCMV upregulates GRP78 expression without activating ATF6 remains unclear.
HCMV is a widely spread pathogen carried by 70%-90% of the world's population. HCMV-mediated diseases occur mostly in immunosuppressed patients, such as those with acquired immune deficiency syndrome or organ transplants [18] . HCMV infection accompanies the expression of a variety of viral and cellular genes under the control of the viral immediate-early (IE) proteins IE1-72 and IE2-86. IE1-72 and IE2-86 are alternatively spliced transcripts driven by the major IE promoter (MIEP) [19] . They associate with diverse cellular proteins. For example, IE1-72 complexes with nuclear factor I/C (NF1/CTF1) and transactivates the TATA-less promoter of DNA polymerase α [20] . When interacting with p107, IE1-72 relieves the inhibition of cyclin E/ cdk2 kinase as well as PML-mediated repression [21, 22] . IE1-72, as a kinase, transactivates E2F-dependent promoters by phosphorylating both pRb and E2F members [23] . Moreover, IE1-72 may also induce the AP1-dependent gene expression via the mitogen activated protein kinase (MAPK)/extracellular signal regulated kinase (ERK) pathway [24] . Control of these cell cycle-related genes indicates that IE1-72 has the potential to cause cell transformation, as reported by Cobbs et al. [25] [26] [27] , who showed that glioma cells are transformed by ectopic expression of IE1-72.
In this study, we investigated the regulation of grp78 expression during HCMV infection. We confirmed that HCMV infection induces GRP78 via IE1-72-mediated transcriptional control, and that IE1-72 binds to the grp78 promoter in vitro and in infected cells. Important domains within IE1-72 and the essential region in the grp78 promoter responsible for the activation were also identified. Furthermore, we found that IE1-72 binding accompanies the recruitment of a transcriptional co-regulator with intrinsic histone acetyltransferase activity and the increase of local histone acetylation. These results suggest that IE1-72 regulates grp78 expression by modulating the chromatin structure.
RESULTS

HCMV induces grp78 expression through promoter regulation
To confirm the induction of GRP78 during HCMV infection, mock-or HCMV-infected fibroblasts were harvested, followed by western blot analysis using antibody (Ab) against GRP78. As shown in Figure 1A , GRP78 was induced 1 day post infection (d.p.i.; compare lane 4 with lane 3) and the level was gradually increased up to 3 d.p.i. (lanes 6 and 8). As controls, the two IE proteins of HCMV, IE1-72 and IE2-86, were expressed by 1 d.p.i. These results confirm previous findings that GRP78 is induced in HCMV-infected cells [17] .
Whether GRP78 induction by HCMV is determined at the mRNA level was analyzed. Consistently, the mRNA level of grp78 was increased in cells 1 d.p.i., and accumulated through 3 d.p.i. (Figure 1B ). The increase of grp78 mRNA in lane 5 in the absence of HCMV indicates that grp78 expression is altered by cellular factors during cell culture, and this is independent of HCMV infection. The grp78 mRNA induction also occurred in a viral dose-dependent manner ( Figure 1C ). In contrast, the mRNA level of the protein disulfide isomerase (PDI), another ER-resident protein, was not altered upon HCMV infection ( Figure 1B and 1C) . These data demonstrate the specificity of HCMV-induced grp78 expression. We further analyzed whether the induction of grp78 by HCMV was achieved through promoter regulation. Fibroblasts were transfected with the luciferase reporter construct driven by the human grp78 promoter, followed by HCMV infection. The luciferase activity from cells 1 d.p.i. was enhanced proportionally to the viral titer, as compared with that from mock-infected cells ( Figure  1D ). Together, these results suggest that HCMV infection stimulates grp78 expression through promoter regulation.
grp78 induction by HCMV IE1-72
Previous studies have suggested that HCMV-mediated GRP78 induction is independent of the UPR pathway [17] . We suspected that viral proteins might directly regulate grp78 expression. Given that HCMV IE proteins are important transcriptional regulators, we sought to determine whether IE proteins are involved in GRP78 regulation. First, U2OS cells were transiently transfected with the HCMV IE1-72 or IE2-86 plasmid. At 48 h post transfection, the level of endogenous grp78 mRNA was measured using quantitative reverse transcription polymerase chain reaction (qRT-PCR). As shown in Figure  2A , IE1-72 upregulated the grp78 mRNA level by approximately 15-fold, whereas IE2-86 had little effect. Consistently, the protein level of GRP78 was increased only in the presence of IE1-72 ( Figure 2B ). IE2-86, even at a higher protein level, caused only limited induction of GRP78 ( Figure 2B ). To address the specificity of IE1-72 on GRP78 induction, the levels of GRP78, GRP94 and PDI were monitored in the presence of increasing amounts of ectopically expressed IE1-72. As shown in Figure 2C , the level of GRP78, but not GRP94 or PDI, was increased in an IE1-72 dose-dependent manner. This finding indicates that IE1-72 specifically activated GRP78, and the activation was unlikely through ER stress signaling, because two other ER stress signaling indicators, GRP94 and PDI, were not induced at the same time as GRP78. Next, to ascertain whether IE1-72 is essential for GRP78 induction during infection, the GRP78 protein level was analyzed in HCMV-infected HEL299 cells with scrambled siRNA or siRNA targeting IE1-72 (si-IE1-72). As shown in Figure 2D , 90% of IE1-72 was successfully knocked down in HCMV-infected cells containing si-IE1-72 (compare lane 4 with lane 2). Depletion of IE1-72 by siRNA did not affect the expression of IE2-86, an alternative splice product from the same mRNA. Importantly, the 7.8-fold induction of GRP78 by HCMV These results suggest that IE1-72, but not IE2-86, is essential for maintaining and regulating GRP78 induction during HCMV infection.
The ATP-binding site, putative zinc-finger and leucinezipper domain of IE1-72 in grp78 promoter transactivation
We continued to investigate whether IE1-72 stimulated grp78 promoter activity and, if so, which region of IE1-72 was responsible for the transactivation. Figure  3A shows the schematic domain structure of IE1-72. U2OS cells were transfected with the grp78 promoterdriven luciferase reporter plasmid, together with a plasmid encoding full-length IE1-72 or its internal deletion mutant, and the luciferase activities were measured 24 h post transfection. As shown in Figure 3B , the full-length IE1-72 activated the grp78 promoter by approximately 5-fold, whereas its mutant lacking amino acids (aa) 132-274 or 290-320 (putative leucine-zipper motif) lost the ability of promoter activation. This observation is consistent with previous reports that these two IE1-72 mutants no longer transactivate the DNA polymerase α promoter [20] . Deletion of the ATP-binding site (aa 173-194) or aa 267-286 (putative zinc-finger motif) also abolished the transactivation ability of IE1-72 on the grp78 promoter ( Figure 3B ). In contrast, the mutant lacking aa 421-491 retained the transactivation ability ( Figure 3B ). These results suggest that the middle part of exon 4 of IE1-72 is important for IE1-72 transactivation function. We also found that IE1-72 mutants with amino acid substitutions within exon 2 or 3 still retained the transactivation potential, although to a lesser extent ( Figure 3C , M12, M13-1 and M13-2). Figure 3D shows the protein levels of the transiently expressed wild-type (WT) and mutant IE1-72 used above, indicating that the failure of certain mutants to activate the grp78 promoter was not due to low protein expression in cells. These results suggest that the ATP-binding motif (aa 173-194), the putative zinc-finger (aa 267-286) and the leucine-zipper domain (aa 290-320) of IE1-72 are required to upregulate the grp78 promoter activity.
IE1-72 activates the grp78 promoter through ERSE
The grp78 promoter contains three ER stress response elements (ERSEs) [10] . ERSE, a tripartite structure containing 5′-CCAAT(N 9 )CCACG-3′, is critical in the regulation of grp78 promoter activity upon UPR [10] . Mutations within the CCAAT or CCACG motif of ERSE totally abolish the promoter responsiveness to UPR [10] . In this study, we tested whether ERSE also plays an important role in IE1-72-mediated grp78 promoter activity. U2OS cells were transiently transfected with the luciferase reporter plasmid driven by the WT ( Figure 4A ) or mutant grp78 promoter with base substitutions within CCAAT and CCACG motifs of ERSEs ( Figure 4A , MMM) with or without IE1-72 expression. Interestingly, the promoter responsiveness to IE1-72 was lost when the ERSEs were disrupted ( Figure 4A ). These results suggest that IE1-72 was able to elicit its effect through these ERSE sites. To further clarify which region of the ERSE was important for responsiveness to IE1-72, we fused the most adjacent ERSE (sequences illustrated in Figure 4B ), with or without mutations, to an SV40 early promoter-driven luciferase reporter and monitored the response to IE1-72. In agreement with previous reports [19, 28] , IE1-72 slightly activated SV40 promoter with no ERSE ( Figure 4C ). The activity was enhanced when the SV40 promoter was fused with the WT ERSE ( Figure 4C ). This implies that the ERSE indeed mediated IE1-72 function. Importantly, the IE1-72-specific effect was abolished when the left CCAAT box (LM and MM), but not the right CCACG box (RM) or the middle sequence (IM), in the ERSE was mutated ( Figure 4C ). These results suggest that IE1-72 mediates grp78 promoter activation through the left CCAAT box in the ERSE.
Binding of IE1-72 to ERSE
Subsequently, we explored the mechanism by which IE1-72 activated the grp78 promoter. IE1-72 protein sequence analysis using DP bind, a web server for sequence-based predictions of DNA-binding residues in DNA-binding proteins [29, 30] , identified at least four Given that exon 4 of IE1-72 and the ERSE of grp78 promoter were found to be required for IE1-72-mediated grp78 promoter activation (Figures 3 and 4) , we examined, using the electrophoretic mobility shift assay (EMSA), whether IE1-72 binds directly to the ERSE. As shown in Figure 5A , the His-tagged IE1-72 . These results clearly indicate that His-IE1-72 is a DNA-binding protein that specifically recognizes the ERSE. To further examine whether ERSEbinding ability was essential for IE1-72 to activate the grp78 promoter, we tested whether IE1-72 mutants lacking part of exon 4 essential for grp78 promoter activation ( Figure 3B ) were defective in ERSE binding. As shown in Figure 5D , the WT IE1-72, but not mutants lacking part of exon 4, was able to shift the biotinylated probe (compare lanes 5 to 13 with lanes 1 to 4). The failure of the IE1-72 mutants to bind the ERSE was not due to a problem in protein expression, as evidenced by the SDS-PAGE analysis shown in Figure 5E . These data indicate that the DNA-binding ability is indeed required for IE1-72 to activate the grp78 promoter and that the IE1-72 region from aa 132 to aa 286 mediates the DNA binding. 
IE1-72 binding to grp78 promoter accompanies TATA box-binding protein-associated factor 1 (TAF1) recruitment and local histone acetylation
The DNA-binding ability of IE1-72 was further analyzed in vivo. Cells were transfected with a WT or ERSE-substituted reporter together with an empty vector or plasmid encoding IE1-72, followed by chromatin immunoprecipitation (ChIP) assays using an anti-IE Ab to pull down ectopically expressed IE1-72 and the associated chromatin. The precipitated DNA was analyzed by quantitative PCR, with primers specifically amplifying the exogenously added grp78 promoters from the reporters. As shown in Figure 6A , IE1-72 associated with the WT grp78 promoter (WT) but not the ERSE-substituted promoter (MMM). This result supports our EMSA data, which show that IE1-72 binds to the ERSE ( Figure 5 ). The binding of IE1-72 to the endogenous grp78 promoter, but not the pdi promoter, was also confirmed ( Figure   6B, gray bars) . Moreover, the binding was lost when the IE1-72 mutant lacking the ERSE-binding domain (aa 132 to aa 274) was expressed in cells ( Figure 6B , black bars). These ChIP results indicate that IE1-72 indeed binds to the grp78 promoter through the ERSE in cells.
The mechanism by which IE1-72 binding to the ERSE activates the grp78 promoter was further explored. Because IE1-72 has been reported to bridge the TF II D complex required for transcriptional activation and to rescue the transcriptional defect caused by a mutant TAF1 [31] , a component of the TF II D complex and a histone acetyltransferase [32] , we monitored if TAF1 associated with the grp78 promoter concomitantly with IE1-72 binding. MRC-5 cells were mock infected or infected by HCMV, and cells were collected at 24 h post infection (h.p.i.), and subjected to ChIP assay using IgG or Ab against HCMV IE proteins or TAF1, followed by qPCR amplification of the ERSE region of the grp78 promoter. As Figure 6C , both HCMV IE and TAF1 associated with the grp78 promoter at the ERSE-containing region. Notably, histone H4 associated with the same region of DNA was hyper-acetylated ( Figure 6D ), indicating that the grp78 promoter in HCMV-infected cells adopted an open chromatin structure, and was transcriptionally active. Because the anti-IE Ab used in this study recognizes the conserved N-terminus of IE1-72 and IE2-86, we could not distinguish whether the observed effect was from IE1-72 or IE2-86. To accomplish this, U2OS cells were transiently transfected with the plasmid encoding IE1-72 or IE2-86 and subjected to ChIP assay using the same anti-IE Ab. Supplementary information Figure S1 shows that the Ab pulled down the grp78 promoter in cells expressing IE1-72 but not IE2-86. This result indicates that, although the HCMV IE Ab we used recognizes both IE1-72 and IE2-86, the grp78 promoter precipitated was only bound by IE1-72. The data also suggest that IE2-86 unlikely associates with the grp78 promoter in infected cells.
Discussion
This study identifies an essential role for IE1-72 in HCMV-mediated grp78 upregulation (Figure 2 ) via its direct binding to the grp78 promoter through the ERSE elements ( Figures 3, 4 and 5) . IE1-72 binding correlates with transcriptional initiation because TAF1, the largest component of TF II D, was concomitantly recruited to the promoter during viral infection ( Figure 6 ). IE1-72 is known to regulate transcription by interacting with a variety of transcriptional factors or cofactors [20, 23, 33- 38], but whether it directly associates with DNA was unknown. Interestingly, we demonstrate in this report that IE1-72 indeed possesses DNA-binding ability ( Figure 5 ). We show that the recombinantly purified IE1-72 binds to ERSE on the grp78 promoter ( Figure 5 ) and that the potential DNA-binding domain of IE1-72 was mapped to exon 4 from aa 132 to aa 286 ( Figure 5 ). Mutant IE1-72 proteins lacking fragments within this region consistently failed to stimulate grp78 promoter activity (Figure 3) . Thus, our study provides a novel mechanism of IE1-72 regulation of gene expression.
In contrast to IE1-72, the splicing isoform IE2-86 did not seem to regulate grp78 expression (Figure 2A and 2B), which is likely due to its inability to associate with the grp78 promoter (Supplementary information, Figure S1 ). Although IE2-86 is known to bind to the cisrepression sequence (CRS) of the HCMV MIEP [39, 40] , the CRS characterized as 5′-GC(N10)CG-3′ with AT-rich sequences in N 10 differs from ERSE.
We show in Figure 2D that knocking down IE1-72 almost abolished the HCMV-mediated GRP78 induction at 1 d.p.i.. This finding demonstrates an essential role of IE1-72 in this event at that time point. Nevertheless, whether IE1-72 is the only viral factor responsible for grp78 upregulation is not clear. The question can be partly addressed by comparing the time-course expression of GRP78 with IE1-72. Previous reports have shown that GRP78 protein level is increased at 24 h.p.i. [17, 41] . However, the authors did not provide the kinetic expression pattern of the grp78 mRNA. Our investigation indicates that both grp78 mRNA and IE1-72 protein were induced after 6 to 8 h.p.i. (Supplementary information, Figure S2 ), which supports our current finding that IE1-72 likely activates the grp78 promoter. The delayed appearance of the GRP78 protein might be mediated by other viral or cellular factors at the post-transcriptional level. Indeed, there are reports describing factors that regulate GRP78 translation through the internal ribosome entry site [42] [43] [44] , and the same explanation might be applied to the conflict in which the increase in grp78 mRNA by IE1-72 transfection did not translate proportionally to an increase in the protein level (compare Figure 2A with 2B ). In addition, the two reports mentioned above show that the GRP78 protein level peaks from 2 to 3 d.p.i. and decreases thereafter [17, 41] . Given that the IE1-72 protein is known to be sustained at a high level throughout the viral life cycle [19] , we strongly suspect that other viral or cellular factors contribute to orchestrating grp78 expression during the late stage of HCMV infection. Alternatively, IE1-72 might be post-translationally modified at different stages, and this might alter its ability to regulate grp78 promoter function. These possibilities await further investigation.
In this study, we observed that HCMV infection stimulated the expression of grp78, but not pdi ( Figure  1A and 1B), although both of them are ER chaperones, known to be induced by UPR [1] . Selective induction of GRP78 by HCMV implies unique roles of GRP78 in HCMV viral growth. Indeed, GRP78 has been reported to participate in HCMV virion assembly [16, 41] . Depletion of GRP78 interferes with the protein folding process in the ER, and this is thought to result in the accumulation of misfolded viral proteins, and hence, retards viral growth. Alternatively, the redistribution of the ER-Golgi apparatus during HCMV infection [45] might change the binding preference of GRP78 toward HCMV viral proteins. Buchkovich et al. [16] demonstrated that GRP78 binds to pp28, a late HCMV protein in the tegument layer, and TRS1, another HCMV protein that has multiple functions in transactivation, viral DNA replication and virion assembly and by binding to these proteins GRP78 contributes to the formation and maintenance of the viral assembly compartments. Our finding of IE1-72-mediated GRP78 regulation further indicates that HCMV actively controls cellular gene expression to benefit viral growth.
GRP78 also plays a role in tumorigenesis. Small interfering RNA (siRNA)-mediated knockdown of GRP78 sensitizes malignant glioma cells to temozolomide and celecoxib. Conversely, ectopic expression of GRP78 renders cells more resistant to drugs [46, 47] . Both phenomena suggest that GRP78 protects cancer cells from druginduced stress and cell death. HCMV infection has been detected in human malignant glioma cells in vivo [48] , and IE1-72 overexpression in glioma tumor cells potentiates the oncogenic phenotype with the reduction of Rb and p53 and the activation of the PI3 kinase/AKT pathway [25] . Given that the luciferase reporter driven by the grp78 promoter is activated in IE1-72-expressing glioblastoma U373MG cells (data not shown), whether the IE1-72-enhanced tumorigenic potential of these glioma cells is also mediated by GRP78 remains an interesting question.
All together, these results demonstrate the mechanism by which HCMV induces grp78 expression. The novel finding that IE1-72 binds directly to the ERSE of the grp78 promoter reveals a new mechanism of gene regulation by IE1-72. npg taining 10% fetal bovine serum (FBS, Upstate), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco). HCMV RC256, a Towne strain derivative [49] , was obtained from ATCC and propagated in MRC-5 cells for 4 to 12 passages, and the viral titer was determined by plaque assay. For infection, cells were incubated with growth medium containing 2% of FBS and virus at 37 °C for 2 h at a multiplicity of infection (MOI) indicated in each figure, and then replaced with normal growth medium.
Materials and Methods
Cells and viruses
Plasmids
The pSEP7-IE1-72 and pSEP7-IE2-86 mammalian expression vectors of IE1-72 and IE2-86, respectively, were described previously [50] . pJHA303 was used to express full-length IE1-72 (aa 1-491), pJHA308 for IE1-72∆132-274, pJHA346 for IE1-72∆290-320 and pJHA423 for IE1-72∆421-491; all were provided by Dr JH Ahn [51] . The pSG5 plasmids encoding IE1-72∆267-286 and IE1-72∆271-193 were provided by Dr J Sinclair [20] and Dr JC Azizkhan [23] , respectively. The pcDNA3-IE1-72-M12 plasmid encoding IE1-72 with base substitutions in exon 2 and the pcD-NA3-IE1-72-M13-1 and M13-2 plasmids encoding IE1-72 with base substitutions in exon 3 were provided by Dr ES Huang [22] . The luciferase reporter plasmid containing the WT human grp78 promoter from −134 to +4 bp, or the mutant promoter with ERSEs substitutively mutated in CCAAT boxes ( Figure 4A ) was provided by Dr K Mori [10] . pRL-SV40 encoding the Renilla luciferase gene was from Promega. For purification of His-tagged IE1-72 derivatives, the corresponding cDNAs were PCR-amplified and cloned into pET100/D (Invitrogen). The oligonucleotides of the ERSE and its mutants illustrated in Figure 4B were synthesized by Purigo Biotech, annealed and cloned into the pGL3 promoter (Promega) between the Nhe I and Bgl II sites upstream of the SV40 promoter.
Transfection, western blot, luciferase assay and RT-PCR
All transfections were carried out with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Western blot and luciferase assays were performed as described previously [52] . For RT-PCR, RNAs were harvested using TRIzol reagent (Invitrogen) and reversely transcribed to cDNA by SuperScript II RT (Invitrogen) according to the manufacturer's instructions. The cDNAs were analyzed on 2% of agarose gels after 20-30 cycles of PCR using the following oligonucleotides: grp78, 5′-GCCGAG-GAGGAGGACAAGAA-3′ (forward) and 5′-CACAGACGGGT-CATTCCACG-3′ (reverse); pdi, 5′-GGAGAACCTGCTGGACTT-TATC-3′ (forward) and 5′-GGCATAGAACTCCACAAAGACG-3′ (reverse); β-actin, 5′-GCATCCACGAAACTACCT-3′ (forward) and 5′-GAAAGGGTGTAACGCAAC-3′ (reverse). The target cDNAs were quantitated by real-time PCR (LightCycler 480, Roche) according to the manufacturer's instruction.
Antibodies
The primary antibodies used in western blots are as follows: mouse anti-cytomegalovirus Ab against IE proteins of cytomegalovirus (mab810, Millipore), mouse anti-β-tubulin (mab5562, Millipore), mouse anti-β-actin (mab1501, Millipore), mouse anti-BiP/ GRP78 (BD biosciences), rabbit anti-PDI (GTX101468, GeneTex) and rabbit anti-HSP90B1 (GTX103232, GeneTex). Anti-His Ab (27-4710-01) for EMSA was obtained from GE Healthcare. The primary antibodies used in ChIP are as follows: mouse anti-TAFII250 (6B3), mouse anti-cytomegalovirus Ab against IE proteins of cytomegalovirus (mab810) and rabbit anti-acetylated histone 4 (06866) (all from Millipore).
Protein purification and electrophoretic mobility shift assay (EMSA)
His-IE1-72 and its deletion mutants were expressed in and purified from the E. coli BL21(DE3)pLys strain (Novagen) with pET100/D-IE1-72 or pET100/D-IE1-72∆132-274, ∆173-194 and ∆267-286, followed by purification with Ni Sepharose 6 Fast Flow beads (GE Healthcare) according to the manufacturer's instruction. Purified proteins were dialyzed against buffer C (10 mM Hepes, pH 7.2, 10% glycerol, 5 mM MgCl 2 , 1 mM MnCl 2 , 50 mM KCl) and stored at −80 °C. His-IE1-72 was incubated with biotin endlabeled ERSE element (nucleotides from −65 to −39; Purigo Biotech) in a 20 µl reaction of buffer C containing 1 µg BSA and 4 µg poly(deoxyinosinic-deoxycytidylic) acid sodium salt (poly(dI:dC), Sigma) at room temperature for 30 min. For super-shift assays, increasing amounts of anti-His Ab were incubated with the protein/DNA mix. For competition assays, non-labeled probes were used as cold probes and mixed together with the biotin end-labeled probe prior to the addition of recombinant His-IE1-72. After incubation, samples were resolved by 6% of native polyacrylamide gels in 0.5× TBE buffer with 100 V for 2 h. DNA resolved on the gel were transferred onto blotting membrane (Zeta-Probe GT Genomic Tested Blotting Membrane, Bio-Rad Laboratory) in 0.5× TBE buffer with 380 mA at 4 °C for 1 to 2 h. The membrane was cross-linked by UV (Ultraviolet crosslinker, UVP LLC) and incubated with the blocking buffer (25 mM NaPi, pH 6.5, 6× SSC, 5× Dendard's solution, 200 ng/ml salmon sperm DNA and 0.5% SDS) at 37 °C for 30 min. Horseradish peroxidase-conjugated streptavidin (Jackson ImmunoResearch Laboratories), diluted in 2× SSC buffer (300 mM sodium chloride and 20 mM sodium citrate, pH 7.0) containing 0.5% SDS, was mixed with the blot at room temperature for 30 min to detect the biotin-labeled DNA. The blot was extensively washed with 2× SSC containing 0.5% SDS and subsequently developed by enhanced chemiluminescence (GE Healthcare) according to the manufacturer's instruction.
Chromatin immunoprecipitation assay
ChIP assays were performed as described [50] with modifications. The final DNA samples were analyzed by real-time PCR (LightCycler 480, Roche) according to the manufacturer's instructions. The oligonucleotides amplifying the region containing three ERSEs and the TATA-box of the grp78 promoter are 5′-CGGAG-CAGTGACGTTTAT-3′ (forward) and 5′-GTCGCCTACTCG-GCTTAT-3′ (reverse). Oligonucleotides for the pdi promoter are 5′-GCAGAGTCCGTGCTACCGAAA-3′ (forward) and 5′-TCT-CATTGGCTCCCGACAAGA-3′ (reverse). Oligonucleotides for both WT and the ERSE-mutated grp78 promoter on pGL3-basic reporters are 5′-ATAAGCCGAGTAGGCGAC-3′ (forward) and 5′-GTTCCATCTTCCAGCGGATAG-3′ (reverse).
Knockdown of IE1-72 expression
siRNA against IE1-72 was designed and synthesized by Ambion. For si-IE1-72: 5′-GGAUGUUUGCAGAAUGCCUtt-3′ (sense) and 5′-AGGCAUUCUGCAAACAUCCtc-3′ (antisense). For siScramble: 5′-AGTACTGCTTACGATACGGtt-3′ (sense) and 5′-CCGTATCGTAAGCAGTACTtc-3′ (antisense). In brief, cells at 80% confluence in a 10-cm dish were transiently transfected with 20 nM of siRNA by Lipofectamine 2000, and the medium was replaced after overnight incubation. Cells were transfected with the same siRNA again at 24 h after the first transfection. At 48 h after the second transfection, cells were subcultured into 6-well plates at a density of 5 × 10 5 cells per well; these cells were then mock infected or infected with HCMV at an MOI of 1 to 2 the following day and subjected to western blot analysis at 24 h.p.i.
